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Chapter 1
Introduction
  The atmospheric surface layer is the bottom of the boundary layer where human 
beings are living, and our lives are related deeply with this layer. On the other hand, 
from the point of view of the atmosphere, this layer is directly influenced by the presence 
of the Earth's surface which provides trong forcing, such as friction force and heat. So 
this layer is the most complicated layer of the troposphere. Turbulence is the symbol of 
this complexity, and has a important role in this layer: Turbulence generates diffusion, 
which is related to air pollution and vertical flux such as sensible heat, latent heat, and 
greenhouse effect gas flux (e.g. CO2, CH4). The sensible and latent heat is energy source 
of the atmospheric irculation and influences local climates. Therefore, it is necessary to 
understand the turbulence mechanism in order to describe the physical processes of the 
air in the surface layer. 
  Turbulent Kinetic Energy (TKE) is one of the most important statistics of the turbu-
lence. In the surface layer, the TKE of the longitudinal (the prevailing wind direction) 
component is produced by the vertical shear of the wind and the vertical component is 
produced by buoyancy, then the TKE is transported and redistributed among the com-
ponents by fluctuation of the air pressure, finally the TKE is converted into heat by the 
viscosity and vanished. The TKE equation isderived from the Navier—Stokes (NS) equa-
tion. Due to the presence of terms that are derived from the nonlinear terms of the NS 
equations, the TKE equation cannot be solved analytically. In order to close these equa-
tions, the parameterization in each term is required. This is referred to as the turbulent 
closure problem. Although, many scientists have been attempted to evaluate each term 
by both the field and numerical experiments, consistent characteristics of the TKE are 
not completed because of limitation of the accuracy of turbulent sensors and computer 
capacity.  Further, since there are few sensors to measure a fine resolution of air pressure 
perturbation, the pressure correlation term must be evaluated as a residual term of TKE 
equation. Thus, many numerical models neglect this term just because of the incom-
pressibility. However, only the transport and redistribution terms which are derived from 
the nonlinear term can be the important TKE source of the lateral component. In order
2
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to evaluate each term and component of the TKE equation, the intensive observations 
were performed by using multiple accurate turbulent sensors in this study. Details of this 
observation is written in Chapter 3. 
  Since the TKE equation has to be simplified by neglecting the local storage and ad-
vection terms in order to reduce the estimation errors, the observed ata are filtered with 
the thresholds related to the constancy and homogeneity. The thresholds are described 
in Chapter 4. 
  Since the turbulence is apparently a random motion, a quasi-normal distribution hy-
pothesis was adopted to the equations. If the probability density function of the turbu-
lence is normal (Gaussian), the parameterizations of the turbulence are greatly simplified; 
all the third-order moments equal 0, and the fourth-order moments can be represented 
by a summation of second-order moment products. Although the turbulence tends to be 
isotropic and random in the absence of an external force, the turbulence is not exactly 
normal because of external forces that produce the turbulence. Examples of these external 
forces are friction and buoyant forces generated at the Earth's surface. Parameterizations 
of third- and fourth-order moments with second-order moments are discussed by using 
field data in Chapter 5. 
  The TKE equations are usually treated as the summation of each component, and 
only the vertical component of the pressure correlation term is expressed conventionally. 
While the total pressure correlation term has been considered as zero, the individual 
components are not necessarily zero and should redistribute the TKE isotropically beyond 
the components because ach component of the TKE budget is closed. In Chapter 6, each 
component and term of TKE equations for the lowest surface boundary layer is evaluated 
using the screened ata in Chapter 4. The pressure correlation terms are evaluated as 
the residual of the other terms measured accurately. The characteristics and functions of 
the pressure correlation terms are discussed. 
  The sensible heat flux under natural convective conditions, in which TKE is domi-
nantly produced by the buoyancy rather than the wind shear, is one of the most important 
parameter to understand the mechanism ofthe convection. However, there have been only 
a few studies concerning the sensible heat flux under these conditions, due to the difficulty 
in observing the necessary meteorological e ements. In Chapter 7, an attempt is made 
to parameterize the sensible heat flux under natural convective conditions by analyzing 
indoor experiments and field observations.  Further, the most optimal ratio of horizontal 
and vertical length of surface roughness elements for efficient sensible heat flux is also 
discussed together with the results of Chapter 6.
3
Chapter 2
Second-order Equations of 
 Turbulence
2.1 Introduction 
   Since turbulence is a flow regime characterized by semi-random property, each tur-
bulent motion can't be described by deterministic equations. So the turbulent motion is 
expressed by stochastic parameters. Turbulent Kinetic Energy (TKE) is one of the most 
important statistics of the turbulence. In order to keep equilibrium conditions of tur-
bulence in viscous fluid, TKE budget, consists of production, transport, and dissipation 
terms, must be balanced. 
  In 1968, extensive boundary layer field experiments were performed. The experiment 
site was flat area in southwest Kansas. Wyngaard et  al. (1971) evaluates each term of 
TKE equation using these data. The energy budget simplifies under horizontally homo-
geneous conditions, where mean quantities depend only on the vertical coordinate x3, and 
the mean velocity has only the prevailing wind direction component U1. The steady-state 
TKE budget is expressed as: 
              1til3q21,            —u- aui3u.+g31 a U3 ap,-  E = 0, (2.1)  x
3 ev 2  ax3  Po ax3 
details of the parameters are displayed in next section. 
  In order to evaluate each term and component of the TKE equation in 3 dimension, 
first of all, TKE  equations are derived in each component.
2.2 Second-order Moments of Turbulent Fluctuations 
  By assuming incompressible fluid  (auk/  axk = 0), Boussinesq's approximation, and  ne-
glecting Coriolis force, the equation of motion (Navier-Stokes (NS) equation) in Einstein's 
summation notation is written as: 
 auiaui1 apa2ui g 
            + Uk -  V -„ =  u, (2.2)              at  a
xk  Po  axi ax12, et,
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where  pc, is the reference air density,  v is the kinematic molecular viscosity,  6 is Kronecker's 
delta, g is the gravitational acceleration, and is the virtual potential temperature of the 
environment. The three components of the wind speed  ui, virtual potential temperature 
 0, and air pressure p are divided into mean and turbulent parts: 
 ui  =  Ui  +  ui  (i  =  1,2,3), 
 0,  =  0,  +  Bv, (2.3) 
 p=  + 
The axis of i = 1 is in the longitudinal (the prevailing wind) direction, and those of 
i = 2, 3 are in the lateral and vertical directions, respectively. Then the turbulent part of 
equation (2.2) is written as: 
 au!, anti., ate1 Op' o2,4g  UkU;c„—Uk"„ V 5i30,1= O. (2.4)  at OXkOXk-  OXkOXkPo OXi aX2ei, 
  The equations for the second-order moment of the turbulent part of the wind speed 
 Rii can be expressed as follows: 
 aRi„aRi,R
ik au,auig                 Uk)'--notOg-,i3..pp,                                                          j0)  at  ca
kcakr,xk           aRiik ,,apt), a2zei,a21= 0,                                                      (2.5)         +u•V U-U-       axk Poax, + ujaxi3axa                                                    2                                                              X2
where  Rii,  Rio and  Riik represent u'iu'i,140,„' and  u'iu'iu'k, respectively. The first term of 
equation (2.5) is local storage of covariance, the second is the advection of covariance, the 
third is a shear production term, the fourth is a buoyant production term, the fifth is  a-
turbulent transport erm is transported by the turbulent eddies  u1k), the sixth is a 
pressure correlation term redistribute covariance by pressure perturbations, and the final 
is a viscous dissipation term. 
   Equation (2.5) contains an unknown higher-order turbulent transport term. In order 
to close these equations, the parameterization i each term is required. In the case of 
i = j, equation (2.5) yields three components of the TKE equations or the variance of 
the wind speed as follows: 
 aRii  aRii  aui 2g  aRiii  2 ,  ap, a2u,  +  U
i +  2 • 6i3RiO n' 2vu!  = 0. (2.6)  at ax, 0, ax, poaxi ax2
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2.3  Turbulent Kinetic Energy (TKE) Equations 
  Under stationary and horizontally homogeneous conditions, with the exception of the 
pressure correlation term, each component of (2.6) is written as 
       —au        ,,auc2u,3,  Op/1      —uiU3,Ui--E =  0,          UX3 2  Ox3  Po axi 3 
                           1 Ou'22u'3 1 ,1 
                                  U2-- -E - 0, (2.7)                         2  O
x3  Po  ax2 3 
                         I au'31op'1  g 
             U3vv3                   -=U3--E0             e
v 2  Ox3  PO as3 3, 
where  E (=  vu'i(02uW  OxD) isthe dissipation rate. The first hear production term re-
mains only in the  xl-component because ofthe assumption fthe horizontal homogeneity. 
And the buoyant production term is only in the x3-component. Since there are no produc-
tion term in the x2-component and the dissipation term is always negative, the turbulent 
transport and pressure correlation terms can be TKE source. 
  The shear production term can be expressed in terms of the non-dimensional wind 
shear function of the Monin-Obukhov similarity theory: 
 kx3  OU1             4
4(C)  = ----n(2.8) 
                                            ux3 
where u. =  1--uCu'311/2 is the friction velocity, k s the von  Karman co stant,  ( =  x3/L, 
and L (kgu'30,,') is the Obukhov length. T us, each omponent f (2.7) mul-
tiplied by  kx3/u,1 should be a function of C: 
  (C) —                          kx3au'i2uf3kx3 ,  Op'1 44ui                        274 Ox
3  Pout Oxi 3cue= 0, 
 kx3 au22u3kx3,Op' 
 ax3 pouil1,                                     u-2 ax2 3—-—ope= 0, (2.9) 
 -(                         kx3 Ou33kx3  ,  Op' 1,                                                         E = 0,                    Ox
3 Pow:,u3 39p 
where  (1), =  kx3e1u* is the normalized dissipation rate. Each term and component ofthe 
TKE equations are estimated as a function of ( in this study.
2.4 Parameterizations of the Nonlinear Derivative Term 
  Although the TKE equation is a second-order moment equation, the turbulent trans-
port and pressure correlation terms are third-order moments. (This is the dimension of
6
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 P`/Po is equal to that of u'2.) These terms are derived from the nonlinear terms -the ad-
vection and pressure terms- of equation (2.2). Hence, the number of unknowns inthe set 
of TKE equations i greater than the number of equations, and the set of equations i not 
closed. In order to close this equation, the higher-order moments must be parameterized 
by the lower-order moments. 
  Mellor and Yamada (1974) describe one of the closure models: the turbulence inthe 
atmospheric surface boundary layers. The level 4 model of Mellor and Yamada (1974) 
calculates all the terms in the second-order turbulent equations (i.e., equation (2.5)). In 
this model, the turbulent transport and pressure correlation terms are parameterized by 
the second-order moments. The parameterizations are based on Mellor (1973) and Rotta 
(1951). 
  The turbulent transport term is described as 
                                  OTLIiii au 011,'-li'
             U;cli'itlii = -A  + I  k  +   3  k ' (2.10)  axk  axi axi ) 
where q.7,-(u'i2)112 and  Ai is an empirical length parameter. For the case ofTKE 
(i = j, k = 3) and assuming horizontal homogeneity, his term can be written as 
 aui.2  at•2                         UPILI3 = -qA1 ,,- + 2(5i3-i, 
      ( 
              OX3OXi(2.11) 
This implies that each component of the turbulent transport term is proportional to the 
second-order derivative of TKE with respect to height. 
  The pressure correlation term is described as
    __1(teap,± u.ail = _(1(—zz.u,. ___2(5cq2) ± ce(aui  au;  +.,—(2.12)  P
otax j3axi3/1t33°xi°xi 
where 11 and C are empirical constants. For the case of i =  j, as in the case of the 
turbulent transport term, the pressure correlation term can be written as 
              1(,ap,Op')q(—q2  -)                u.+ui-= --te2 —(2 .13)  pot ax;3 axij 3/1i 3 ) . 
The summation of all the components of equation (2.13) isequal to zero. Therefore, 
larger TKE component redistribute the energy to smaller components . 
  These terms are assumed to be smaller and are parameterized in accordance with the 
old hypothesis. However, these parameterizations have not been confirmed with accurate 
sensors that were recently developed. If the turbulent model is required to be used for 
finer resolutions such as that of a street canyon or around tree leaves, these terms cannot 
be neglected. This concept is the basic premise of the current study.
7
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2.5 Concluding Remarks 
  The second-order and TKE equations in each component are derived from the NS 
equations. Due to the presence ofterms that are derived from the nonlinear term of the 
NS equations, TKE equations cannot be solved analytically. Parameterizations of these 
terms were attempted by Mellor and Yamada (1974) based on the hypothesis of Rotta 
(1951) and Mellor (1973). However, there in no experimental proof yet. 
  According to equations (2.9), TKE of the x2-component must be redistributed through 
the turbulent ransport and/or pressure correlation terms. Therefore, these terms must 
be evaluated in order to understand the TKE properties of the x2-component. In Chapter 
6, each term of equations (2.9) is evaluated by using field data.
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Chapter 3
Field Experiments
3.1 Introduction 
  In order to understand the  lAnd-atmosphere interaction, and the energy and water 
cycles, many observational projects have been held and are in progress. Meanwhile there 
have been many problems related to the Atmospheric Boundary Layer (ABL) observation 
as follows:
The energy (heat) imbalance: the underestimation of the turbulent heat (the sensible 
    and latent heat H + 1E) flux compared to the forcing heat (the net radiation Rn 
    minus the conductive soil heat flux G). 
Footprint: the source area or the distribution of it's contribution ratio of turbulent flux. 
Stationary convection (plume): although over the homogeneous s rface, buoyant flow 
    tends to occur in the same area.
Averaging time: if there is long period turbulence, too short averaging time to estimate 
    turbulent flux would provoke underestimation. 
The energy imbalance could be caused by the latter three problems. 
  The Flux Enthusiasts Party consists of those who are interested in such problems and 
the turbulence in ABL. The intensive integrated ABL observation has been carried out by 
together with the Flux Enthusiasts Party and the Lake Biwa Project at the paddy field site 
of the Lake Biwa Project. The Lake Biwa Project has been developed and proceeded by a 
Japanese group for investigating the hydrological cycle near land surface. This observation 
was called CAPS (Catch A Plume by SATs; SAT is the Sonic Anemometer-Thermometer) 
because over 16 SATs were used in order to understand the dynamic structure of the plume 
and the convection in the surface layer.
9
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  The observation has been carried out twice, in 2002 (CAPS2002) and 2003 (CAPS2003) 
autumn. In CAPS2002 and 2003, the distance of each SAT was  0  (100m) and 0  (10m) 
respectively. The surface source area for the heat flux of each site in CAPS2002 were 
independent whereas the ones in CAPS2003 could be overlapped. Thus, the dynamic 
structure throughout scale from  10m to 1km will be resolved by using the data. In this 
chapter, the distribution of the sensible heat flux and the heat balance is analyzed, and 
confirmed the horizontal homogeneity. (This chapter is partly cited from Ishida et al. 
 (2004a) and Ishida et al. (2004b).)
3.2 Inter-comparison of the Turbulent Sensors
  Before intensive observation using various types of SATs, the difference among the 
outputs of these sensors must be evaluated because of flow distortion problem: difference 
of the shape of SAT probes may affect he outputs (Kaimal et  al., 1990; Wieser et al., 
2001). Inter-comparison field experiment was carried out at Terrestrial Environment Re-
search Center (TERC), University of Tsukuba, from the middle of May to the beginning of 
June, 2001. This period was characterized by growing season of grass and high latent heat 
exchange. Footprint analysis was performed to evaluate the correspondence between the 
spatial variation of surface skin temperature and the sensible heat fluxes obtained at the 
measurement site. The surface skin temperature obtained by an infrared imaging camera 
together with sensible heat fluxes measured at two points, 3m apart from each other, 
were used in the analysis. A significant correlation was not found between the surface 
skin temperatures and the sensible heat fluxes, thus the surface in the upwind direction 
was assumed to be homogeneous. Comparison was made using standard eviations and 
covariances of the turbulent variables. 
  A good agreement was found among all the sonic anemometer-thermometers (DA-600, 
Kaijo; 1210R3, Gill; ATI-SATI). The difference ofstatistics of these outputs is shown in 
Table 3.5. And the fast response  hygrometer/CO2 analyzers (LI-7500, Li-Cor;  OP2, Data 
Design Group) got data stably. The errors of LI-7500 and  OP2 sensors were reduced by 
simple recalibration using non-fast response hygrometer (Humicap). Underestimation f 
flux was occurred only when the correlation coefficient oftwo sensors' output for the band 
of dynamic alibration was small (Ishida et al., 2004a).
10
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3.3 CAPS (Catch A Plume by SATs) 
  The intensive observations were performed during November 9 to 22, 2002 and October 
1 to 10, 2003. Both periods were after harvest because the homogeneous s rface and the 
greater sensible heat flux conditions were expected uring these periods. The site was 
located near Lake Biwa in northern Shiga prefecture, JAPAN (Figure 3.1). Prevailing 
wind direction was parallel to the paths between paddy fields, southerly (lake breeze) in 
daytime and northerly (land breeze) in nighttime under clear sky conditions. Figure 3.1 
shows the distribution of turbulent sensors. These distribution were oriented parallel to 
the prevailing wind directions. 
  The SATs used in CAPS were composed of 10 sets of DA-600 (Kaijo), more than 2 
sets of 1210R3 (Gill) and a set of SAT-550 (Kaijo) and other types. Particularly, the 
outputs of DA-600 and 1210R3 were confirmed that their outputs were almost the same 
in section 3.2. Installed sensors are listed in Appendix A.2. Characteristics of each year 
are described as follows.
3.3.1 CAPS2002 
  In CAPS2002, there were 15 SAT sites using 17 SATs in order to measure the  hetero-
geneity of the heat flux. At every site, the installation height of SATs were about 2.5m. 
4 of them  (C1, C2, C4, C5 site) were with the  open-path infrared gas analyzers, and 
SATs were installed at 3 heights (1.00, 2.45, 5.90m) only at C4 site (see also Table A.2). 
To complete the rest term of the heat balance, other sensors were installed at C sites, 
only the sensors of C4 site worked well. The measurement area was extended  500x1500m 
horizontally. Also surface temperature images were taken by the infrared camera from 
airplane in November 17, 19, 20 under clear sky conditions. And the upper ABL sounding 
was held using a sonde and two SODARs. Further details of observation were described 
in Tamagawa etal. (2004). 
  During the observational period, typical pressure pattern of Japanese winter was dom-
inated, so the northerly wind was prevailing. In clear conditions, however, the wind di-
rection is followed by the local circulation: the southerly wind blew from the Lake Biwa 
in daytime. Other meteorological conditions are shown in Figure 3.2.
3.3.2 CAPS2003 
  In CAPS2003, there were 11 SAT sites using 16 SATs to make SAT array. Common 
SAT installation height was 2.5m the same as CAPS2002. C,  Si,  N1, El,  W1 sites were 
with the open-path infrared gas analyzers, and SATs were installed at 3 heights (1.25,
11
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2.50,  5.00m) at C,  S3, N3 sites (see also Table A.2). The most different point from 
CAPS2002 was that the measurement area was concentrated about  100  x200m, centered 
at C2 site (called intensive paddy field) of CAPS2002. Since each tract of paddy field 
is about 30m width and  100m length, multiple SATs were in the same tract. Photo 3.1 
shows the installed SATs. Fine wire thermocouples were used to detect he passing plume 
near the surface. Surface temperature distribution was measured manually by the two 
infrared thermometer. The upper  ABL sounding was held using a sonde, two SODARs 
and a doppler lidar. 
  The meteorological onditions of CAPS2003 are shown in Figure 3.3. The air tem-
perature was higher than CAPS2002. During first two days, the northerly wind was 
dominated. After that, relatively calm conditions were continued.
3.4 Heat Balance and Distribution of the Sensible Heat 
Flux
Each term of the heat balance equation:
 Rn—G=H+1E (3.1)
was measured independently and averaged for each hour. The net radiation Rn was 
measured by the pyranometers and the infrared radiometers. Since both observations 
were performed inless than 2km horizontal scale, downward radiation was assumed tobe 
homogeneous in the area. Upward radiation, however, depended on the surface conditions 
such as the albedo and the surface temperature. The soil heat flux G was measured by 
the heat plates. And the sensible and the latent heat flux  H,1E was measured by the 
SATs and the infrared gas analyzers (e.g. LI-7500, Li-Cor). After the simple calibration 
of the absolute humidity a (Ishida et al., 2004a), and the double axis rotations = 0; 
see Section 4.2), the eddy correlation method (H =  cpi230',  lE  lu3ai) was  applied. to 
estimate the turbulent heat flux. In this study, the heat balance closure ratio is defined 
as the ratio of the left term to the right term of the heat balance equation (3.1).
3.4.1 CAPS2002 
  Onlyat C4 site, all terms of the heat balance equation (3.1) were measured successfully. 
But the imbalance heat flux was up to  100Wm-2 around the noon (Figure 3.4), and the 
closure ratio was 60%. The heat imbalance of CAPS2002 might depend on the distribution 
of the surface conditions. The surface of C4 site was dark and wet. The albedo of this
12
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site was  5'.10% lower than the other sites, that means the net shortwave radiation input 
was nearly  55Wm-2 lower around C4 site because the maximum incoming insolation was 
 550Wm-2. And the maximum difference of the surface temperature was about 2  °C  in the 
observation region (Figure 3.5). It might affect G, H smaller and  lE larger. All of these 
factors could make the local heat imbalance, but they don't explain all of the maximum 
imbalance  (100Wm-2) explicitly. 
  Figure 3.6 shows the distribution map of the sensible heat flux and the surface tem-
perature. The surface temperature was measured by the infrared camera (Inframatics, 
 MODEL740) mounted on the airplane, and made calibration and correction of the ge-
ometry, the viewing angle and the medium atmosphere, then combined by the multiple 
shot. The difference of the sensible heat flux between each site was almost equal to the 
random error, and was about  30% of mean flux  (77W/m2) during 9-15 local time under 
clear conditions  (Matsushima etal., 2004). The difference s ems to be correspond tothe 
surface temperature distribution. 
  Flux footprint analysis of Kormann and Meixner (2001) were applied to CAPS2002. 
 T3 of the source area was calculated by the surface temperature in the footprint area. 
The footprint areas were spread northward, because northerly wind was blowing at that 
time. However each shapes were different by the influence of the local wind distribution. 
According to the relationship  between  U(Ts-T) and the sensible heat flux H, the sensible 
heat flux was correlated with the product of the temperature difference between the 
surface and the air  Ts - T and the wind speed U. The slope of the data means the bulk 
 coefficient for heat CH (see equation (7.1)), which was almost unity through unstable 
conditions. These results suggest that local sensible heat flux was determined by the bulk 
relation of  U(Ts - T) in the footprint area of each site (Matsushima etal., 2004).
3.4.2 CAPS2003 
  In order to measure greater spatial difference ofthe sensible  heat, CAPS2003 was  car-
ried out 1 month earlier than CAPS2002. So the maximum net insolation was  50Wm-2 
larger, and the surface temperature was 10  °C higher than CAPS2002. Since the obser-
vation region was smaller, the difference ofthe upward shortwave and longwave radiation 
was smaller. The maximum difference of the soil heat flux  G was  50Wm-2. Thus the 
surface conditions must have been more homogeneous than CAPS2002. The difference 
ratio of the sensible heat flux was a little smaller than CAPS2002 (Figure 3.7), and was 
almost equal to the random error. 
  The heat balance was roughly closed in CAPS2002; the average closure ratio was 100%
13
                              CHAPTER 3. FIELD  EXPERIMENTS 
whereas the deviation was up to  100Wm-2 (Figure 3.8). These results uggests hat the 
heat balance would be closed using the data measured atmultiple points under thermally 
homogeneous s rface conditions.
3.5 Concluding Remarks 
  In order to obtain the turbulent data confirmed the horizontal homogeneity, the in-
tensive observations using multiple SATs were performed on the uniform paddy field in 
2002 and 2003. It is found that even on apparently homogeneous surface, the sensible 
heat flux is different among the sites. Therefore, the heat imbalance is likely occurred by 
the one point observation. Followings are possible reasons: 
  • There are slight heterogeneity of the thermalsurface conditions; albedo, the surface 
    wetness and temperature, even on apparently homogeneous surface. 
  • The spatial difference of the turbulent heat flux is determined by the local difference 
    of the surface temperature and wind speed caused by the plume in a few hundred 
     meter scale. 
In CAPS2002, the difference of the sensible heat flux H is correlated with U(Ts — T), and 
the each term of measured heat was not closed. Thus, the homogeneity of the turbulence 
is not verified in CAPS2002. On the contrary, the heat balance was closed in CAPS2003. 
Therefore, the data of CAPS2003 is used for evaluation of each term of TKE.
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Table 3.1: Inter-comparison of turbulence statistics of sonic anemometer-thermometers . 
(d) means the data were limited by wind direction. S.D.: standard deviation, n: number 
of the data. After Ishida et  al. (2004).
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Chapter 4
Data Selection
4.1 Introduction 
  The main  objective of this study is to evaluate ach term and component of the TKE. 
In reality, the mean values of meteorological e ements uch as the wind speed, direction, 
air temperature change with time. Averaging time for  evaluating each term of the TKE 
must be 
  • sufficiently short so that daily variations can be neglected, 
  • but long enough to obtain statistics. 
Thus, the averaging time of the turbulence statistics is set to 10  min. 
  Before evaluation, the wind data must be adjusted with a newcoordinate system such 
as introduced in Chapter 2.  Further, the data must be also screened using thresholds 
of constancy and horizontal homogeneity. In this chapter, the methods of coordinate 
transformation and data selection are explained.
4.2 Transformations of Coordinate System 
  Since the averaging time is set to 10  min, the coordinate system is transformed ev-
ery 10  min. In this section, the axis symbols (x1, x2, x3) are changed to (x, y, z), and 
 (ui,  u2,  u3)  (u,  v, w) to avoid complexity. x is the prevailing wind direction axis, y is 
the horizontal direction axis orthogonal to x, and z is the vertical direction axis. 
  The conceptual illustrations of the coordinate transformations are shown in Figure 4.1. 
The axis is rotated by the following procedure. 
Step 1: The  303-axis is rotated to the mean horizontal wind vector  (T) around the zo-axis 
    (in the  xo —  yo plane). The rotational angle is 0, and the new coordinatesystem is
    (xi, Yi,  zo)•
24
Step
Step
                             CHAPTER 4. DATA SELECTION 
2: Next, the  zo-axis is rotated until  tT) = 0 around the  y1-axis. The rotational 
angle is  4), and the new coordinate system is (x2,  yi, z1). 
3: Further, the  yl-axis is rotated until the z1-axis is perpendicular to the stream 
surface (v'w' = 0) around the x2-axis. The rotational angle is  ', and the new 
coordinate system is (x2,  y2, z2),
where 
                       11 2't4wC   0 =-
2tan-_2__  //2 . (4.1)                                        - w  v11 
  For calculating the vertical turbulent flux, the coordinate system is usually trans-
formed usually until Step 2. In fact, the sensible heat flux is calculated using the co-
ordinate system of Step 2. The coordinate systems of Steps 2 and 3 show considerable 
difference above the complex terrain. 
  Let the angle between the z2-axis and  zo-axis be  7) 
                      ,Vsinet,b2) cos(q52) + sin(4)2) 
                            7 =.  (4.2)  cos  0  cos0 
When  171 <  10°, the calculated sensible heat flux using the coordinate system of Step 2 
is correct  (McMillen, 1988). Ishida (1995) compares the sensible heat fluxes that were 
calculated using these coordinate systems. The results show that a larger  7 value leads to 
a larger difference between the sensible heat fluxes calculated by the coordinate systems 
of Steps 2 and 3. Only the data that satisfy the condition of  Vu  <  10° are used in this 
study.  Further, the data of Step 3 -x2 -  y2 plane is tangential to the stream surface- is 
used for the evaluation of the TKE terms. Since v'w' = 0, the parameters related to the 
wind shear stress are much simpler. The friction velocity  u* is 
                     2-\/, _ii2=II                 U,=UW7/2--1-21W--UW. (4.3) 
Moreover, the shear production term exists only in the  x(x1)-component (equations (2.7), 
(2.9)).
4.3 Homogeneity of the Data 
  The data used for the TKE evaluation must be screened in order to eliminate the tem-
poral and spatial variations of the TKE and the horizontal strain of the wind environment. 
Hence, the following thresholds are used for the data screening.
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Constancy and Horizontal Homogeneity 
  Constancy and horizontal homogeneity —the conditions assumed for the TKE— can be 
applied to the evaluating of the TKE terms evaluation in Chapter 2 as follows 
                        = 
                              T,aRii             -=  v. (4.4)  at"12  a
x 
However, there exist no data that are satisfied under these conditions. Thus, in this study, 
the following conditions are applied: 
 (AI!)  At  
 2 < 0.1,(4.5) 
            max  {IqC —  gill,  lqc  —  gsi  ,  gill]   <  0.1. (4.6) 
 q2 
where q2  742 is the average TKE at C  (q6),  El  (q2E1), and  S1  (d1) sites, and  At is set 
to 10  min. Equations (4.5) and (4.6) represent the constancy and horizontal homogeneity 
limitations, respectively. 
Stability of Wind Direction 
  The coordinate transformations described in Section 4.2 are performed under the 
assumption that the wind direction is constant during the averaging time (10  min). In 
reality, the wind direction is not constant. Here, the stability of the wind direction is 
defined as  luion,iril  / uiornir,  I (= 0  ti 1) in this study. The numerator is a vector-averaged 
absolute wind speed, while the denominator is a scalar-averaged wind speed. When the 
wind direction is constant for an averaging time, this value is 1. In this study, the threshold 
is given as 
 1110min  I  
  > 0.8. (4.7)                              I  
1110min  I 
Horizontal Momentum Flux 
 u'iu12 is the horizontal momentum flux, which transports the turbulent momentum 
in the x2-direction or  u'2 in the  x1-direction. This momentum flux is significantly arger 
if exhibit horizontal heterogeneity of the wind speed. Conversely, sufficiently small hor-
izontal momentum flux suggests he homogeneity of the horizontal wind. The threshold 
is proposed as 
 /Li  2t2 
   <  0.087, (4.8) 
2
 1 
where 0.087 corresponds to tan  5°.
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4.4 Concluding Remarks 
  In order to eliminatethe temporal nd spatial variations of the TKE and the horizontal 
strain (shear) of the wind environment, the coordinate system is transformed in 3 steps; 
further, the data for evaluating each term of the TKE are limited. After the data are 
selected, 8.4% of the total data (369/4380) remains. 
  The limitation conditions related to horizontal homogeneity described in this chapter 
are original. This is probably why the results are different from those of conventional 
studies, particularly with regard to the horizontal components. In Chapter 6, the selected 
data are used for evaluation in Chapter 6.
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Figure 4.1: Conceptual illustrations of coordinate transformations. 
(Right panel) Step 2.
(Left panel) Step  1,
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Chapter 5
Normality of Third- and
Fourth-order Moments
5.1 Introduction
  In order to completely simulate a turbulent environment, a large number of unknowns 
need to be solved in the equations (see Section 2.4). However, since the number of 
unknowns is larger than the number of equations, it is important to parameterize the 
higher-order moments with the lower-order ones. This is referred to as the turbulent  clo-
sure problem. This problem arises due to the nonlinear characteristics of fluid dynamics. 
In this chapter, parameterizations of third- and  fourth-order moments with second-order 
moments are discussed by using field data. 
  Since turbulence is apparently arandom motion, a quasi-normal distribution hypoth-
esis was adopted. If the PDF of the turbulence has a normal distribution, the parameter-
izations of the turbulence are greatly simplified; all the third-order moments equal 0, and 
the fourth-order moments can be represented by a summation of second-order moment 
products. Although the turbulence tends to be isotropic and random in the absence of 
an external force, the PDF of the turbulence is not exactly normal because of external 
forces that produce the turbulence. Examples of these external forces are friction and 
buoyant forces generated at the Earth's surface. Some studies have been the third- and 
fourth-order moments in order to  understand the vertical structure of convection in the 
atmospheric boundary layer. Alberghi et al. (2002) shows the relationship between skew-
ness and kurtosis of the vertical wind speed  u3 by using SODAR data. Gryanik and 
Hartmann (2002) show the parameterization f the third- and fourth-order moments that 
are related to the vertical wind speed  U3 and the potential temperature  9 by using aircraft 
data. The objective of this chapter is the parameterization of the third- and fourth-order 
moments of wind speed in the surface boundary layer.
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5.2 Skewness and Kurtosis 
  Skewness and kurtosis are statistical parameters. Skewness is a measure of the asym-
metry of the probability distribution of a random variable. This is a third-order normal-
ized moment and is written as 
                        N
/(xi- Y)3 
 Sk = i=13/2x13 
                                                                                                                                                                               • 
              =—(5.1)                   N)oi(Xi —Tr                LEI. 
The denominator is a cube of the standard eviation, and the numerator isa third-order 
moment. The distribution has a positive skew (right-skewed) if the higher tail is longer 
and a negative skew (left-skewed) if the lower tail is longer. 
  On the other hand, kurtosis is a measure ofthe peakedness of the probability distri-
bution of a real-valued random variable. Kurtosis is the fourth-order normalized moment 
and is written as 
                        N
                       E (Xi — Y)4 
    4 
      Ku =  
           „si=1(5 .2)                                                     ..1=-7i — 3. 
X
                       (11(X•--±12) 2 
                                          ..i=1t 
The denominator is the fourth power of the standard deviation, and the numerator is a 
fourth-order moment. The —3 at the end of this formula is often explained as a correction 
to make the kurtosis of the normal distribution equal to zero. A positive kurtosis implies 
that a greater proportion of the variance is due to infrequent extreme deviations rather 
than frequent modestly-sized deviations. 
  In order to close the second-order equations of turbulence, unknown third-order mo-
ments are required; further third-order moments require fourth-order moments. On the 
other hand, if the probability distribution of the turbulence is assumed to be a normal 
Gaussian distribution, the third-order moments are equal to 0, and the fourth-order  mo-
ments can be expressed as a summation of the second-order moments 
                                           ,„,,,,,I,„4,1                             Ll
iLbi.k..1 
 4  = riirki  +  rikrii  + rarik, (5.3) 
where i  —  1 independently take values from 1  ,--, 3 and do not represent Einstein's sum-
mation in this case. For the simple case of i = j =  k = 1, the third-order and fourth-order 
moments normalized by friction velocity are expressed as 
 U'3                          = i=n              iiri—,—u, (5.4)                                                                             '
, 
                                             '4u 
                                             -i=3r2  riiii =4—ii•(5.5)
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The deviations from equations (5.4) and (5.5) are similar to those for skewness and kurtosis 
in statistics, respectively. In this study, kurtosis is defined in an expanded sense as 
          riJkl  
        Ku:...-3. (5.6) 
 riirki  +  rikrit  +  riirik 
Monin and Yaglom (1971) state that the fourth-order moments can be approximated as
quasi-normal even if the third-order moments are not zero. These relations are termed as 
a quasi-normal distribution. In practice, the higher-order moments related to u3 and  Ov 
are not normally distributed, and the fourth-order moments correlate with the third-order 
moments because of the surface xistence (Alberghi et al., 2002; Gryanik and Hartmann, 
2002). In the next section, some characteristics of the third- and fourth-order moments 
are discussed.
5.3 Third-order Moments
  Firstly, all combinations of the third-order moments are calculated. The average and 
standard deviation values for all the valid data are shown in Table 5.1. All the absolute 
values of the averages exceed those of the standard deviations. This implies that the 
third-order moments spread around 0. 
  Further, on examining the stability dependencies of the third-order moments, no sig-
nificant dependencies were found other than T333. Examples of  rill and  r222 are shown in 
Figure 5.1 and those of  r113,  r223, and  T333 are shown in Figure 6.3. Thus the normal dis-
tribution hypothesis of the third-order moments is to a certain extent with the exception 
of  r333. Wyngaard et al. (1971)  sho'ws the significant stability dependencies of r113,  r223, 
and  T333. The differences in  these results are discussed in Chapter 6.
5.4 Fourth-order Moments
  Assuming anormal distribution, the fourth-order moments can be represented bythe 
summation ofthe second-order moment products, as described inSection 5.2. Hence, the 
relationships between all combinations of the fourth-order moments and related second-
order moments can be seen under unstable conditions (Table 5.2). 
  When i  = j = k = 1, the horizontal components (i =  1,  2) of turbulence show 
a normal distribution, whereas the distribution of the vertical component (i = 3) is 
significantly different from the normal distribution. Because of the intermittency of the 
plumes, the distribution f  74 is not Gaussian d the kurtosis larger. Figure 5.2 shows 
the relationship between the second- and fourth-order moments for i = j = k = 1 under
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weakly unstable conditions. This difference is also clearly observed in this figure. Since 
the selected data are those with horizontal homogeneity (Chapter 4), the fourth-order 
moments related to r12 and r23 are small. In contrast to r33, the fourth-order moments 
related to r13 (but r33); r1113 and r1223 take small values (kurtosis). This implies that 
there are few extreme deviations in  /414. r1333 and r1133 are related to both r33 and r13. 
Therefore, both the effects negate each other in  these  fourth-order moments, and these 
moments are normal as a result.  r1113,r1133, and r1333 are shown in Figure 5.3.
5.5 Concluding Remarks 
  The relationships among the second-, third-, and fourth-order moments are shown in 
this chapter. These results are related to the normality of the turbulence, and they can 
be used to resolve the turbulent closure problems. 
  The results of this chapter can be summarized as follows: 
  • The normal distribution hypothesis can be applied to the higher-order moments of 
 24 and  u2. 
  • On the basis of the skewness and kurtosis values of  /4 (Sk > 0, Ku > 0), it can be 
    concluded that  u'3 has an extremely large positive value. 
   • However, most values of  u'iu'3 are distributed near the average. 
  These results indicate the intermittency of the plumes under unstable conditions. 
However, such a tendency is not seen  in the Reynolds stress  u'iu'3 for a vertical momentum 
flux. This is probably because the surface of the observational site is relatively flat. The 
tendency of  u'iu13 on a rough surface might differ.
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Table 5.1: Averages and standard deviations of the normalized third-order moments for 
all combinations (-2.0 < < 0.5).  rijk =  u'iu'in'au3*. Under a condition of normal 
distribution,  ri2k = Sk 0. 
                    3rd-ordermoments Average S.D. (a) 
 *rill 1.8 4.8 
 rin 1.0 4.7 
 **7-113  -0.3  2.5 
 r122 1.3 3.2 
 r123 0.2 3.9 
 r133 0.6 3.0 
 *r222  0.7  3.4 
 **r223  0.2  1.9 
 r233 1.5 3.1 
 **£333  -0.2  1.9 
                       *: shown in Figure 5.1;  **; shown in Figure 6.3. 
Table 5.2: Relationships between the normalized fourth-order and related second-order 
moments for all combinations (-1 <  C < 0).  riiki =  rii = 
Under a condition of normal distribution,  rijki/  rii = 1, and kurtosis (Ku) equals to 0.
4th-order moments Related 2nd-order moments ri .-2Ti  rola/  E  rij Ku
 *£
1111 
 7-1112 
 **r
ni3 
 r1122 
 £1123 
 **r
1133 
 £1222 
 r1223 
 £1233 
 "r
1333
3rh 
 3r1 1r12 
 3r11r13 
 7-117'22 +  242 
 r1ir23 +  27'127'13 
 riir33 +  243 
 37-12r22 
 r13r22 +  2r12r23 
 r12r33 + 27'137'23 
 3r13£33
 5.52 
 0.02 
-0 .59 
 1.67 
 10-3 
 0.36 
-0 .04 
-0 .16 
 10-4 
-0 .11
0.95 
1.02 
0.90 
1.08 
1.01 
0.92 
1.07
-0 .15 
 0.06 
-0 .30 
 0.24 
 - 4 
 0.03 
-0 .24 
 -sl 
 0.21
 
*  r2222 
 r2223 
 r2233 
r2333
311 
 3r22  r23 
 r22r33  2713 
 3r23  r33
4.49 
0.01 
0.29 
 10-3
0.96 
1.13
-0 .12 
 0.39
 *  r
3333 0.19 1.25 0.75
 *: shown in Figure 5.2; **: shown in Figure 5.3; not significant.
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Chapter 6
Evaluation of Each Term of TKE
Equations
6.1 Introduction
  Turbulent kinetic energy (TKE) is one of the most fundamental variables in the at-
mospheric boundary layer (ABL), and its budgets are important for demonstrating the 
physical processes in turbulent fluid motions. Each term of the TKE equation was eval-
uated by Wyngaard and  Me (1971) using the 1968 Kansas experiment data. To date, 
many researchers have attempted to evaluate these terms by field or numerical experi-
ments. Because of the difficulty in performing such measurements and the requirement of 
surface homogeneity, these terms were typically not evaluated irectly but were parame-
terized with higher-order moments. Further, it is difficult to measure the ABL pressure 
fluctuation. Thus, pressure derivatives are evaluated as residuals. Recently, a few exper-
iments (Wyngaard et al., 1994; Cuxart et  al., 2002) and large-eddy simulations (Dwyer 
et al., 1997; Skyllingstad, 2003; Miles et al., 2004) were carried out; however, their results 
were not comprehensive. 
  In this chapter, each component and term of TKE equations for the lowest surface 
boundary layer is evaluated using the screened ata (Chapter 4). However, the pressure 
correlation terms are evaluated as the residual of the other terms measured accurately . 
  The TKE equation is usually treated as the summation of each component, and only 
the vertical component of the pressure correlation term is expressed conventionally . While 
the total pressure correlation term have been considered as zero, the individual compo-
nents are not necessarily zero and should redistribute the TKE isotropically beyond the 
components. Because each component of the TKE budget is closed. The characteristics 
and functions of the pressure correlation terms are also discussed.
37
        CHAPTER 6.  EVALUATION OF EACH TERM OF TKE  EQUATIONS 
6.2 Shear Production 
  The normalized shear production term is equal to the wind shear function  0,4 expressed 
by equation (2.8). After the data screening, most of the remaining data are valid for 
-1  <  (  <  0.5 (e.g. Figure 6.6). Thus, the following conventional relationships, covering 
large  ( ranges, are used. 
  The wind shear function under unstable conditions (0 >  ( > -1) was determined by 
Dyer and Hicks (1970). Under stable conditions, the wind shear function of Kondo et al. 
(1978) was used, 
                      (1 - 16(0 (( <  0) 
     Om(()(6.1) 
 1  +  7(  (( >  0). 
  Kondo and Ishida (1997) confirmed that this functionis applied to extremely unstable 
conditions (( > -477) as follows. The shear function for heat is expressed in the same 
way as  Om (equation (2.8)): 
 kz  (91" 
 (11/21(() =  ' (6.2) 
where T is air temperature.  The  Alf-function is an integral form of the  0-function defined 
as: 
 =  f 0(()  d(In  (). (6.3) 
Then, 
             `I'M(() = —kU(z), (6.4) 
                                            u. 
 WH(C) =  (Ts -  T(z)) (6.5) 
where  0,,, is friction velocity. Brutsaert (1992) expressed the shear function for heat  when 
 -0 .01  >  (  >  -20  as 
                            0.33+ 0.0570'78   (C)  =(6.6) 
 0.33 + y0•78 
Integration of  equations (6.1), (6.6) leads to 
 =  in —z+ In(x02 + 1)(a+1)2                                       +2(tan-1x - tan-1xo),(6.7) 
 zo  (x2  +  1)(x  +  1)2 
                            0.33 +  0.78 
     411-1 =  In—z+ 1.21n(6.8) 
 za. 0.33 +0.78 
where 
 x  =  (1  -  1604,  =  (1  -  160  xr  (1  -  16(41, 
 Y  =  --C,  Yr  (1. 
      zozr 
             G=—                                           L•
                          38
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Here,  .zo and  zr are the roughness lengths for the wind and temperature profiles, respec-
tively. 
  Several comparisons are made between the sensible heat flux  Heddy =  cppu'30,' cal-
culated by eddy correlation method, and those estimated  Hp =  cppu.O. using the  if-
functions (profile method). Using the roughness lengths of  zo and  z.. measured under 
windy conditions, the observed values of U(z), T(z), and the  CI-functions, the estimated 
sensible heat  Hp can be evaluated by successive approximations, by use of equations (6.4) 
and (6.5). The initial values of  tt. and  T. are determined by use of equations (6.4), (6.5) 
and  ‘F-functions under neutral conditions as  M =  in(z/z0) and  TH =  ln(z/zr). Making 
use of equations (6.7) and (6.8) will also yield estimated values of  Hp. Figure 6.1 shows 
comparisons between the observed values of Heddy and the estimated  Hp values. Plotted 
data are distinguished by the symbols (see the figure legend) according to the value of 
 = z/L. It can be seen that the  ‘Ii-functions given by equations (6.7) and (6.8)  pro-
duces good estimation values under strongly unstable conditions. Therefore,  ckrfunction 
of upper term of equation (6.1) is valid for (0 < < —477).
6.3 Turbulent Transport 
  In order to estimate the turbulent transport term directly, it is necessary to measure 
the vertical gradient of the third-order moment. However, since the sensors are installed 
at only three different heights. The resolution of height is  insufficient, and besides, the 
complete three height profile data set is limited. Under unstable conditions (( < 0), the 
difference b tween three heights of r333 =  1233/713, by using this data set is shown in Figure 
6.2. Although  ar333/ax3 seems to be positive, the number of data is very limited. 
  Therefore, another estimating method is required. As described by Wyngaard and 
 COte (1971), the turbulent transport term is estimated as a function of the stability (, 
                       kx3  Ou'i2/23 k( arii3  
          2u ax32 a((6.9) 
  Figure 6.3 shows the relationship between the normalized third-order moment  rii3 
and (. While the horizontal third-order moments r113, r223 are largely scattered around 
0, the vertical moment r333 increases consistently with ( by using the screened ata 
(Chapter 4). Under stable conditions,  rii3 = 0. It is significantly different from that of 
Wyngaard and  COte (1971), in which the horizontal components r113, r223 have larger 
positive values. Since r113 + r223 calculated using unscreened (Equation (4.8)), double 
axis rotation  (u2u3   0) data is significantly positive (Figure 6.4), the data screening and 
the third axis rotation processes must eliminate the horizontally skewed data.
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   Based on rough estimation, r113,  r223 a_-' 0 and r333 = -1.7C. Thus, the turbulent 
transform term is expressed as follows: 
                         kx3  au'i2723                                   —  0
,                       2/4 ax3 
                           kx3au122u13              = 0, (6.10) 
                            2u,3,  ax3 
 kx3 au'33                                        =  0.34(.-  
2u3  ax3 
r333 in Figure 6.3 is limited for  ( > -1.5. r333 calculated using the unscreened data is 
roughly same as (6.10) until strongly unstable conditions  (( > -7), but is much scattered 
(Figure  6.4).
6.4 Dissipation 
  In order to estimate the dissipation rate  e directly, very accurate measurements are 
required for the Kolmogorov's micro scale  ?I =  (v3/E)1/4(f-1 mm); these measurements 
were not performed. Therefore, Kolmogorov's four-fifths law that uses only the structure 
function of  ui without any empirical constants is used to estimate  E: 
                           dDu2(r)4 
                                                      r 
                 D(r) - 6v =  - 
             IL3,1               dr,(6.11)       56 
where the n-th order structure function  ALI,.  (r)  =  [ui(xi + r)  -  ui(xi)r. By assuming 
the frozen turbulence hypothesis (r =  UiT) and that the scale is limited in the inertial 
subrange  (r >  97), the following equation is obtained: 
4
                    Dul3(T)  = [U1(t +T) -Ui(t)13 = —-5eUlT )                                                    (6.12)
where T is time-lag. 
  In order to obtain sufficient quantity of data that includes the the inertial subrange, 
the data which was recorded at 50 Hz (C site; 1.25 and 2.50 m only) were used. 1-run 
period is set to 28  min. The mean dissipation rate is determined using the following 
procedure: 
  1. Calculate the third-order structure function D3(r) for the time-lag range of T = 
                                                                til 
     0.02  ,-, 5 sec. 
  2. Fit a linear regression model of the form  Du?, = AT for the range of r = 0.1  ,,, 1 sec. 
    because most of the data has the inertial subrange in this time range. 
  3. Check if each fitting is correct (the inertial subrange xists).
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  4. Compute  0, from the slope A using a function of 
 _ 5kz  A
 414  U1. (6.13) 
Figure 6.5 shows examples of determining the value of A. Good example shows clear 
inertial subrange. Such cases are usually seen in the daytime. So most of the normalized 
dissipation rate data are limited under unstable or neutral conditions. 
  There is another method to estimate the dissipation rate using the second-order st uc-
ture function  D  2 as: 
                               Dui2 (T)=C0ET,                                                     (6.14)
where  Co is empirical constant. And Anfossi et  al. (2000) pointed out that the value of 
 Co varies 2.2-4.5. That is why this method is not applied in this study. 
  Figure 6.6 shows the relationship between the normalizedissipation term and the 
stability. The  0,-function under unstable conditions given by Thiermann and  Grassl 
(1992) is expressed as 
 Ote  =  (I  —  3C)-1  — 
and that given by Kanda et  al. (2002) is expressed as
 =  (1  —  10.50-1  —  C. 
Although our data are in close agreement with that of Kanda et al. (2002), the function 
of Thiermann and  Grassl (1992) fitted to rural data is adopted in this study, because the 
function of Kanda et  al. (2002) is fitted to urban data. This would cause slightly different 
results of the pressure correlation terms under weakly unstable conditions. Since limited 
data is available for stable conditions,  0 is formulated so that this function is linear and 
continuous with that of Thiermann and Grassi (1992) at  ( = 0, 
                                = 1  +  2(.
6.5 Pressure Correlation 
  The pressure correlation terms are estimated as the residuals of Equation (2.9). The 
stability dependencies ofeach and total terms of the TKE equation is shown in Figure 6.7. 
The total pressure correlation term is positive under unstable conditions, larger than the 
shear production term particularly when < —2, and negative under stable conditions. 
The TKE of the x2-component isthe energy received from the other components hrough 
this pressure correlation term because it does not contain any TKE source (shear or
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buoyancy). The source is the  xi-component under stable to weakly unstable conditions. 
In contrast, he source is the x3-component under unstable conditions. 
  Figure 6.8 describes the difference between each component of the TKE. It is very 
interesting that the x3-component can be a source of the pressure correlation term under 
unstable conditions, although  xl  (r1i) is the largest component ofthe TKE. This result 
is quite different from the statement in conventional textbooks on the assumption of 
incompressible f uid (e.g. Garratt, 1992; p.36). The vertical strain generated by the 
buoyancy would be sufficiently large to provide the x2-component with the TKE.
6.6 Concluding Remarks 
  Each term and component of the TKE equations are quantified using the field data: 
this confirms the temporal and spatial homogeneity using 16 SATs. The results are 
summarized as follows: 
  • The shear production and dissipation term is consistent with the conventional  re-
     sults. 
  • The turbulent transport term is considerably smaller than that of Wyngaard and 
 GOte  (1971). This is because the horizontal components are almost zero, although 
    the vertical component is almost he same. This implies that the turbulence in the 
    lowest surface boundary layer is skewed only in vertical direction. Data screening 
    process probably eliminates the horizontally skewed data. Therefore, the difference 
    between these results could be determined by data screening. 
  • The pressure correlation term is evaluated as the residual of the other terms (Figure 
    6.7). The total pressure correlation term gains the TKE under unstable conditions, 
    and loses it under stable conditions. The results of each component indicate that 
    this term redistributes the TKE isotropically from the  x1, x3-component to the  x2-
    component. The source is the  xi-component under stable and weakly unstable 
    conditions, and the x3-component under unstable conditions.
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Figure 6.1: Comparison of calculated sensible heat fluxes under natural convective con-
ditions. The ordinate value is calculated by the profile (gradient) method, the abscissa is 
by the eddy correlation method.
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Chapter 7
Sensible Heat Flux under Strongly 
Unstable Conditions
7.1 Introduction 
  The sensible heat flux under natural convective conditions, in which TKE is dominantly 
produced by the buoyancy, is one of the most important parameter to understand the 
mechanism of the convection. However, there have only been a few studies concerning the 
sensible heat flux under these conditions, due to the difficulty in observing the necessary 
meteorological elements. And a method for evaluating the flux under these conditions 
has not been properly established. For instance, the sensible heat flux H is expressed by 
bulk formula as 
               H =  cppCHU(Ts —T), (7.1) 
where cpp is heat capacity of the air, CH is the bulk transfer coefficient for heat, and U 
is scalar averaged wind speed. Under very calm (U  -p 0) and convective conditions, the 
sensible heat flux is significantly positive. On the contrary, the sensible heat flux using 
equation (7.1) under such conditions i calculated too small because U is meaningless. 
Thus, the exchange speed  CHU is more useful. 
  Tropical atmospheric convection isa critical element in determining the earth's cli-
mate, as can be demonstrated bya well-known example, the El  Nino — Southern Oscil-
lation (ENSO) phenomenon. As part of the ENSO phenomenon, a so-called warm  pool 
region exists in the western equatorial Pacific, characterized byhigh SSTs(> 27  V) and 
low wind speeds over the entire year. Seager et al. (1988) pointed out that an SST 
change of 1  V can be accomplished by a perturbation of only 12  WIT1-2 in the sensible 
heat flux from the warm pool. Yet an uncertainty on the order of  80  W  II1-2 is apparent 
in climatological estimates of the heat budget of the surface mixed layer in this region 
(Godfrey and Lindstorm, 1989; Weare, 1989). 
  In the urban area, the  heat island phenomenon is a recent topic because urban ther-
mal environment is getting worse. Air temperature of urban area is higher than rural
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area because of less radiative cooling and larger sensible heat. Since the built-up urban 
structure prevent the ventilation, natural convective conditions frequently occur below the 
urban canopy. It is very important to evaluate the sensible heat flux, which affects urban 
air temperature, under such conditions. Sugawara (2001) attempts to evaluate the heat 
exchange between urban structure and the overlaying atmosphere based on observation 
and theoretical calculation. 
  In this chapter, an attempt is made to parameterize the sensible heat flux under 
natural convective conditions by analyzing indoor experiments and field observations. 
(Part of this chapter is cited by Kondo and Ishida, 1997.)
7.2 Exchange Speed of Sensible Heat under Natural Con-
    vective Conditions 
  On the basis of the Engineering of Heat Transfer, natural convection on an isothermal 
horizontal plate is treated by following non-dimensional parameters, 
        Nu =1-
ts CHU : Nusselt number, (7.2) 
                   s - T)g [3 h3(T        Gr = : Grashof number, (7.3)               0 
              Pr =  -v                                      : Prandtl number, (7.4) 
 K and 
         Ra -a-  Gr  • Pr : Rayleigh number. (7.5) 
  The parameter ofNu denotes the non-dimensional exchange speed, while  Gr indicates 
the influence of convection due to buoyancy. Here, 1  (m) is the scale length of the natural 
convection (e.g. the length of the surface or the size of the experimental convective c ll),  K 
 ( m2  s-1) the thermometric conductivity,  v (m2  s-1) the kinematic viscosity, and  0  ( K-1) 
the coefficient ofthermal expansion. 
  From many experimental studies, it is well known that these parameters are related 
in natural convection as 
 Nu  =  A  •  Raa  . (7.6) 
Table 7.1 lists several numerical values of A and a. Engineering studies have pointed 
out that an inclination of the test plate results in differences in the sensible heat flux. 
Mikheyev (1968) showed that the sensible heat flux on a horizontal plate is 1.3 times 
greater than that on a vertical plate. The results of Takeyama et al. (1983) shown in 
Table 7.1 have been corrected by this factor.
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  Since a = 1/3 for large value of Ra, (i.e. 8 x 106  <  Ra <  1013), CHU canbe described 
with use of the proportional constant b as 
                      n1 
                    CHU oc-1RO 
                   rz(013 (Ts - T)) 3    oc  1  
IZI/ 
                                                      1 
                  =b (Ts - T)3  (ms-1), (7.7) 
and then the sensible heat flux can be expressed as: 
                                                       fr.\ 4              H-C(Ts - i )3.f,. ol  0.0) 
It should be noted in equation (7.7) that CHU does not depend on 1. The value of b has 
been estimated at 0.0013 to 0.0018  ms-1  K-113. For wet surface conditions, the buoyancy 
of the water vapor pressure difference should be taken into consideration. 
  Since engineering studies rely on indoor experiments, determination of CHU for large 
values of Ra, or over a rough surface have not been researched in detail. In this study, the 
values of sensible heat flux for large Ra (> 1012) will be determined by indoor experiments, 
and confirmed by field observations.
7.3 Indoor Experiments 
7.3.1 Smooth Surface 
  The indoor experiments were carried out with the use of readily available materials. 
Figure 7.1 is a conceptual illustration of the indoor experiment. The nearly constant 
temperature surface constructed of an aluminum plate with styrene foam is realized by 
exposition to solar radiation coming through the glass window. For the case of rough 
surface, aluminum cubes are distributed. Since the glass window cuts off longwave radi-
ation from the outside atmosphere, and the wall temperatures in the experimental room 
have almost the same value as  Tw, the longwave radiation to the test surface is expressed 
by  a-Tw4. Here,  a-  (= 5.67 x  10-8  W  M-2  K-4) is the Stefan-Boltzmann constant, and 
 Tw the effective infrared temperature of the walls. The value of  Tw is obtainedfrom 
the average t mperature of the walls and ceiling as observed by an infrared thermometer. 
The latent heat flux at the test surface isalways zero, since the surface is dry. The heat 
capacity of styrene foam is so small that the thermal conduction G into the surface is 
small. The test surface ispainted black, having an albedo  ref  = 0.074. An experiment for
54
CHAPTER 7. SENSIBLE HEAT FLUX UNDER STRONGLY UNSTABLE CONDITIONS 
a weak sensible heat flux was also conducted, which was realized by covering the window 
with a semitransparent film to reduce the shortwave flux at the horizontal test surface. 
  The heat balance on the test surface is described by 
 H  =  Rn  -  G, (7.9) 
                   Rn = (1 -  re,  )S  + cr(Tw4  - Ti), (7.10) 
              G =cpsfzaTg(z) dz, (7.11) 
                      0 at
where Rn is the net radiation, S the solar adiation incident on the horizontal test surface, 
 csos(= 32.2 x  103 J  K-1  m-3) the heat capacity of the styrene foam,  Ts the test surface 
temperature,  Tg(z) the styrene foam temperature at depth z( m), and z the height from 
the test surface. The height of experimental room is 2.65 m, the width 4 m, and the length 
6.55 m. 
  Value of Tg(z) were measured at heights of z  = —0.01, —0.02, —0.07,  —0.12  m by 
thermocouples, the representative air temperature in the room T is measured at z = 1.5 m 
by a ventilated thermometer, and S determined at a location next to the test surface by a 
pyranometer. The values of Rn, G, and H are averaged over every 30 minutes, observation 
with the value of CHU (U  —* 0) then obtained through the bulk formula given by equation 
(7.1).
 7.3.2 Rough  Surface 
  Experiments on the rough surface are carried out in a manner similar to those on the 
smooth surface. To create a black rough surface, small aluminum cubes painted black 
were arranged on the thin black painted aluminum surface above styrene foam used in 
7.3.1. The length and width of each cube are 0.02 m. The cubes create region of sun and 
shadow. However, the surface temperature of the surface is almost uniform, since the 
heat conductivity ofthe cube is sufficiently arge. The representative temperature of the 
surface is measured on the surface of the cube. 
  Figure 7.3 shows arrangements for various horizontal density of the roughness elements 
r with constant height h. (r is area ratio of roughness elements.) For the case of the 
sparsest conditions (r = 1/32), the cubes were settled on squares written "1/32". Then 
in order of increasing r, the number of the settled cubes are doubled. Figure 7.4 shows the 
illustration of built-up cubes with constant density r. The height is changed to h =  4,  6 
cm.
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7.4 Results
7.4.1 Smooth Surface 
  Figure 7.2 displays the relationship between H and  Ts T calculated from the experi-
mental data. The error is estimated at +1 °C for  Ts —T and +15  W  M-2 for  H. Therefore, 
the data in this figure are limited to value of  Ts —  T  > 5  °C. The number of data meeting 
this criterion is 98. 
  The straight line in Figure 7.2 represents C = 1.4, therefore the coefficient b in CHU = 
b  (Ts —  T)1/3 was determined by a least squares fit as 
                 b = 0.0011  m  s-1  K-113. (7.12) 
This values of C and b are confirmed that they are valid for field (Kondo and Ishida, 
1997).
7.4.2 Rough Surface 
  The values of C and b for the rough surface are evaluated with the arrangements 
of the cubes illustrated in Figure 7.3 and 7.4. The corresponding results are shown in 
Figure 7.5 and 7.6, respectively. Of course, when the roughness elements are settled, the 
coefficient C is larger than the smooth case. But C is not increasing uniformly with r , 
C has a maximum value (Figure 7.5). The possible reason is that too dense roughness 
arrangement does not remain sufficient space where plumes are produced. 
  Figure 7.6 shows the results when the height of roughness elements are changed. The 
higher roughness elements makes the larger value of C. However, the increment of C 
when h = 4  —> 6 cm is smaller than when h = 2 4. It indicates that the increment of 
C is not uniform with h. 
  These results are gotten together and comparing with height-distance ratio  h/  d in 
Figure 7.7, where d is average distance between the arranged roughness elements. And 
corresponding values of r are written in Table 7.2. Since the surface area including the 
roughness elements increases when the number of roughness elements increases, it should 
be considered that the sensible heat flux is larger because of this increasing surface area 
effect. The open circle points of Figure 7.7 shows the value of C per unit surface area. 
  According to above results, C has a maximum value when the height-distance ratio 
 h/d is appropriate, but this maximum value maybe change with the height of roughness 
elements h.
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7.5
SENSIBLE HEAT  FLUX UNDER STRONGLY UNSTABLE CONDITIONS
Concluding Remarks
  Under natural convective conditions, it is found by the indoor experiments that the 
bulk exchange speed CHU is only function of the temperature difference  Ts— T (equation 
(7.7)). Therefore, the sensible heat flux can be expressed asH =  C(Ts—T)4/3 under these 
conditions. And C and b in equation (7.7) has a maximum value when the height-distance 
ratio h/d is appropriate. These results indicate the existence ofoptimum value of h/d to 
create plumes. In other words, sufficient horizontal space is needed for creating strong 
plumes to transfer the sensible heat. According to Chapter 6, the vertical component of
TKE produced by the buoyancy tends to be released into horizontal directions through 
the pressure correlation term under strongly unstable conditions. This result supports 
that there is an optimum vertical-horizontal r tio to develop convections, such as the 
 Rayleigh—Benard convection (Rayleigh, 1916).
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Figure 7.1: Conceptual illustration of the setup for the indoor experiments.
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Figure 7.4: Conceptual illustration of built-up roughness elements. 
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Table 7.1: The  coefficients A and a in  Nu = A x  Raa  , and b in CHU =  b(Ts —  T)'/3 over 
the respective range of Ra in several engineering heat transfer experiments.
References Ra a b x  103 A Samples
Lloyd and Moran (1974)
 Fujii and Imura  (1972)*
 2.2  x  104  --,  8  x  106
 105  --,  2  x  108
1/4
1/3 1.6
0.54
0.16
 CuSO4   ±  112  S  04
 H2  0  .
Lloyd and Moran (1974)
Mikheyev (1968)
Fujii and Imura (1972)*
 8  x  106  —  1.6  x  109
 2  x  107  ,--,  1013
 5  x  108  — 1012
1/3
1/3
1/3
1.5
1.8
1.3
0.15
0.18
0.13
 CuSO4 + H2SO4
Various fluids
H20.
Takeyama et al. (1983)** 1010  - 1012 0.4 0.024 Various fluids
*: The surface is on the floor . **: A for the horizontal case is estimated from the vertical value.
Table 7.2: The heat transfer coefficient C in various arrangements of roughness elements.
h (cm) r h/d  C  (Wm-2K-4/3)
2 
2 
2 
2 
2
1/32 1/8 
1/16  1/4\5 
1/8 1/4 
1/4  1/2 .NA 
1/2 1/2
2.0 
2.5 
3.1 
3.5 
2.6
4 1/8 1/2 5.4
6 1/8 3/4 5.6
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Chapter 8
Conclusions
  Each term and component ofthe Turbulent Kinetic Energy (TKE) equation is evalu-
ated by using the field data in this study. Since the pressure correlation term is the most 
unknown part of this equation, the objective of this study focuses on understanding the 
role of the pressure correlation term. 
  As a first step, the TKE equation in each component is derived from the Navier— 
Stokes (NS) equation in Chapter 2. Due to the presence of the turbulent transport and 
pressure correlation terms that are derived from the nonlinear term of the NS equations, 
TKE equation cannot be solved analytically. Since the pressure correlation term was 
considered asa TKE redistribution term: neither production or dissipation term, TKE of 
the x2-component must be redistributed through the turbulent transport and/or pressure 
correlation terms. Therefore, these terms hould be evaluated inorder to understand the 
TKE properties of the x2-component. 
  In Chapter 3, the horizontal homogeneity of the turbulent data for evaluation, which 
was obtained in the intensive observations using multiple turbulent sensors, was confirmed. 
These observations were performed on the uniform paddy field after harvest in 2002 and 
2003. It is found that even on apparently homogeneous surface, the sensible heat flux is 
different among the sites. In CAPS2002, the  difference ofthe sensible heat flux H among 
the sites is correlated with the surface temperature and wind speed, and the each term of 
measured heat was not closed. This heat imbalance could cause heat advection. On the 
contrary, the heat balance was closed in CAPS2003. Therefore, the data of CAPS2003 is 
used for evaluation of each term of TKE. 
  In Chapter 4, in order to eliminate the temporal and spatial variations of the TKE 
and the horizontal strain (shear) of the wind environment, the coordinate system is trans-
formed in 3 steps; further, the data for evaluating each term of the TKE are selected. 
After the data selection, 8.4% of the total data (369/4380) remains. The selected con-
ditions related to horizontal homogeneity described in this study are original. This is 
probably why the results are different from those of conventional studies, particularly 
with regard to the horizontal components.
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  In Chapter 5, the relationships among the second-, third-, and fourth-order moments 
are shown. These results are related to the normality of the turbulence, and they can 
be used to solve the turbulent closure problems. The results of this chapter can be 
summarized as: 1) the normal distribution hypothesis can be applied to the higher-order 
moments of horizontal components  (7.4 and  u2) but vertical one  (u3); 2) most values of 
 // uiu3 are distributed near the average. 
  In Chapter 6, each term and component of the TKE equation is quantified using the 
field data: this confirms the temporal and spatial homogeneity in Chapter 4. The results 
are summarized as follows:
• The shear production 
  sults.
and dissipation term is consistent with the conventional re-
• The turbulent ransport erm of the horizontal components are almost zero, al-
 though the vertical component is significantly negative under unstable conditions. 
• The total pressure correlation term gains the TKE under unstable conditions, and 
 loses it under stable conditions. The results of each component indicate thatthis 
 term redistributes the TKE isotropically from the longitudinal  (xi-) and vertical 
 (x3-) components to the lateral  (x2-) component. The source is the  xrcomponent 
 under stable and weakly unstable conditions, and the x3-component under strongly 
 unstable conditions.
  In Chapter 7, it is found by the indoor experiments that the bulk exchange speed for 
heat is only function of the temperature difference between the surface and air  (Ts —  T) 
under strongly unstable conditions. Therefore, the sensible heat flux can be expressed as
H = C(Ts — T)4/3 under these conditions. And C has a maximum value over a rough 
surface, when the height-distance ratio  h/d of roughness elements i appropriate. These 
results indicate the existence ofoptimum value of  h/d to create plumes. 
  The results of TKE evaluation in this study are different from the conventional study. 
This difference could be determined by data screening. Data screening process probably 
eliminates the horizontally skewed data. On the basis of these results, the total pressure 
correlation term cannot be neglected. It is interesting that the pressure correlation term 
of the x3-component is a source term of the TKE and redistribute to the horizontal 
components under strongly unstable conditions, even the horizontal components of TKE 
is larger than vertical one. Because of it, a sufficient horizontal space is needed for 
creating strong plumes to transfer the sensible heat in the indoor experiments under 
these conditions.
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  Numerical models are excellent solutions both for the meteorological and the environ-
mental analysis. Recently, calculation at finer resolutions is required because of treating 
with heterogeneous surface such as urban buildings and forests. Since these surface con-
ditions can easily strain the above turbulence environment, these terms derived from the 
nonlinear term can not be neglected and should be parameterized correctly by using the 
results of this study.
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List of Symbols
slope of the structure function or empirical constant of equation (7.6) 
absolute humidity* or empirical constant of equation (7.6) 
empirical constant of (7.7) 
empirical constant of equation (2.12) and (2.13) or (7.8) 
empirical constant of equation (6.14) 
bulk transfer  coefficient for heat 
specific heat of air at constant pressure 
heat capacity of styrene foam 
water vapor flux 
structure function 
average distance between the arranged roughness elements 
conductive soil heat flux 
Grashof number 
gravitational cceleration 
sensible heat flux 
height of roughness elements 
kurtosis 
von  Karman constant 
Obukhov length 
net longwave radiation 
latent heat of evaporation rscale length of the natural convection 
empirical constant of equation (2.12) and (2.13) 
Nusselt number 
Prandtl number 
air pressure* 
total turbulent kinetic energy  (  (u'2)1/2)*
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 Rij  2  RiO 
 Rijk
 Rijki 
r 
 rii 
 riik 
 rijkl 
Ra 
Rn 
ref 
S 
Sk 
Sn 
T 
 Tg 
 TS 
 TT 
t 
U 
 U3  V,  W 
 tt* 
 Ili 
xi 
 x7  y,  z 
zo 
zi,
second-order moment (= ui•u`„te0)*                           23•2 
third-order moment (=  tilizeiu;,)* 
fourth-order moment (=  u'itilu'kup* 
area ratio of roughness elements 
normalized second-order moment (=  Rij/u!)* 
normalized third-order moment (=  Riik/u!)* or skewness 
normalized fourth-order moment (=  Riikt/t4)* or kurtosis 
Rayleigh number 
net radiation 
albedo 
insolation 
skewness 
net insolation 
air temperature* 
styrene foam temperature 
surface temperature 
effective infrared temperature of walls 
time 
scalar-averaged wind velocity 
 =  u1,u2,u3 in Chapter 4 
friction velocity 
a component of wind velocity* 
a component of distance* 
=  xi, x2,  x3 in Chapter 4 
roughness length for momentum 
roughness length for heat
 li 
7 
 5ij 
 E 
 C 
 71 
 ev 
0 
 ev
coefficient of thermal expansion 
angle in Chapter 4 
Kronecker's delta* 
dissipation rate 
non-dimensional height (=  x3/L, stability) 
Kolmogorov's micro scale 
virtual potential temperature if the environment 
potential temperature* or rotational angle in Chapter 4 
virtual potential temperature*
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 IC 
 Al 
 V 
 P 
Po 
a
T 
 01  0 
411i 
 OM 
 OE 
ill
thermometric conductivity 
empirical length of equation (2.10) and (2.11) 
kinetic molecular viscosity 
air density 
reference air density 
standard eviation or Stefan—Boltzmann co stant 
time-lag 
rotational angle in Chapter 4
non-dimensional function of temperature gradient 
non-dimensional function of wind shear 
non-dimensional dissipation rate 
integral form of the  0-function
*subscript 
1 
2 
3 
 i,  .1,1ctl
a component for longitudinal (the prevailing wind) dire 
a component for lateral (orthogonal to  x) direction 
a component for vertical direction 
Einstein's summation notation
ction
1
superscript
turbulent part
*overline mean part or time averaged value
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A.2 Sensors Lists Used in CAPS
Table A.1: Sensors used in CAPS2002. Sensors are listed in each north-south path. Only 
C4 site has three heights. SAT means sonic anemometer-thermometer, and IRGA is 
infrared gas analyzer. Observational area was so wide that the data loggers were installed 
at each site. Time differences of the data loggers are also described. The distribution of 
sites are shown in Figure 3.1.
Site  Height SAT IRGA  Titre  diffezence  (trend,  max) Remark
 e
 S10 DA-600-3T R-61A  (KAUO)  "SO"  in  map
SI  2.51m  DA-600-3T R-61A  (KAUO)  <+1s/day,  +1s
S3 2.74m SAT-550  (KAUO)  -2s/day,  -17s
S5  246m SAT-550  (KAUO)  -1&4s/day,  -115s
 S7  2.45m DA-600-3T R-61A  (KAUO)  -15.3s/day, -78s
 C
 e
 n
 t
 e
 r
 Cl  245m  1210R3 (Gill) 11-7500  (Licor) -5.25s/day,  -41s  w:  N/A
C2 2.50m DA-600-3T R-61C  (KAIJO) AH-300  (KAUO)  +2s/day,  -10s
 C3  2.46m  USA-1  (Metek)  <-1s/day, -3s No  IRGA
 C4(1)  1.00m DA-600-3T  R.-62TZ  (KAIJO)
-4.5s/day, -27s 3 heightsC4(2)  2.45m DA-600-3T R-61A  (KAUO) 11-7500  (Licor)
C4(3) 5.90m DA-600-3T R-62A  (KAUO)
C5 2.35m  1210R3  (Gill) LI-7500 (Licor)  <-1s/day, -36s  Nir  N/A
 S9 2.47m DA-600-1T  R-41  (ICAUO) -2.5s/day,  -10s 1  dimensional
 E
a
 t
S2  2.54m 81000  (Young)  +0.7s/day,  +6s sideways
 S4  2.38m  PAT-600  (KAUO)  +1.5s/day, +8s
 S6  2.53m DA-600-3T R-61A  (KAIJO)  <11s/day,  <±1s  In N/A (w,T  only)
58  2.47m DA-600-3T R-61A  (KAUO)  +6.5s/day,  -51s  u: N/A
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Table A.2: Sensors used in CAPS2003. C3, N3 and S3 sites have three heights. The 
distribution of sites are shown in Figure 3.1.
Site Height SAT IRGA Remarks
N
 i
S
N3(1)  1.28n-i Kayo  DA-600(1R-62AX)
3 heightsN3(2) 2.51m  Kaio SAT-550
N3(3) 5.00m  Kaio DA-600(TR-61A)
N2 2.50m Campbell CSAT3
 N1  2.55m  Kayo  DA-600(TR-62AX) Li-Cor LI-7500 64ch logger*
 C(1) 1.25m  Kayo  DA-600(1R-62AX)
Center of the array
3 heights,  64ch loggerC(2) 2.56m  Kayo  DA-600(IR-61A) Li-Cor LI-7500
C(3) 5.06m  Kayo  DA-600(IR-61B)
 SI 2.51m  Gill 1210R3 Li-Cor LI-7500  64ch  logger*
52 2.34m  Kayo PA-600
S3(1) 1.27m Kayo  DA-600(TR-62AX)
3 heightsS3(2) 2.56m  Gill  1210R3
S3(3)  5.00m Gill 1210R3
 W
 1
E
 W1  2.50m  Kayo  SAT-550 Advanet  E009B 64ch  logger*
 El 2.47m  Kayo  DA-600(TR-61A) Li-Cor LI-7500  64ch  logger*
E2 2.54m  Kayo SAT-550
E3 2.46m  Kayo DA-600(TR-41)
• 
 : same logger
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